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J>^; ABSTRACT 

Aims. We study the impact of multi-layered clouds (low-level water and high-level ice clouds) on the thermal emission spectra of 
Earth-like planets orbiting different types of stars. Clouds have an important influence on such planetary emission spectra due to 
their wavelength dependent absorption and scattering properties. We also investigate the influence of clouds on the ability to derive 
information about planetary surface temperatures from low -resolution spectra. 

Methods. We use a previously developed parametric cloud model based on observations in the Earth's atmosphere, coupled to a one- 
dimensional radiative-convective steady state climate model. This model is applied here to study the efl'ect of clouds on the thermal 
, emission spectra of Earth-like extrasolar planets in dependence of the type of central star. 

Pt'] ■ Results. The presence of clouds lead in general to a decrease of the planetary IR spectrum associated with the dampening of spectral 

. ' absorption features such as the 9.6 /jm aljsorption band of O3 for example. This dampening is not limited to absorption features origi- 

' nating below the cloud layers but was also found for features forming above the clouds. When only single cloud layers are considered, 

both cloud types exhibit basically the same efi'ects on the spectrum but the underlying physical processes are clearly different. For 
model scenarios where multi-layered clouds have been considered with coverages which yield mean Earth surface temperatures, the 
low-level clouds have only a smafl influence on the thermal emission spectra. In these cases the major difl"erences are caused by high- 
level ice clouds. The largest effect was found for a planet orbiting the F-type star, where no absorption features can be distinguished 
^ , in the low-resolution emission spectrum for high cloud coverages. However, for most central stars, planetary atmospheric absorption 

bands are present even at high cloud coverages. Clouds also affect the derivation of surface temperatures from low-resolution spec- 
tra when fitting black-body radiation curves to the spectral shape of the IR emission spectra. With increasing amount of high-level 
clouds the derived temperatures increasingly under-estimate the real planetary surface temperatures. Consequently, clouds can alter 
^ , significantly the measured apparent temperature of a planet as well as the detectability of the characteristic spectral signatures in the 

QQ ■ infrared. Therefore, planets with observationally derived somewhat lower surface temperatures should not be discarded too quickly 

' from the list of potential habitable planets before further investigations on the presence of clouds have been made. 
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1 . Introduction the studies of such Earth spectra by ' Hearty et al.l (l2009l) clouds 
^ j cause a greater spectral variation in the IR observations than the 
• • ' The climate of Earth-like planets results from the energy bal- observed differences between day and night. Their findings also 
, ance between absorbed starlight and radiative losses of heat from indicate that in the case of Earth the main (molecular) spec- 
ks! ■ the planetary surface and atmosphere to space. Clouds reflect tral features in mid-IR are visible even for cloud covered con- 
starlight back towards space, reducing the stellar energy avail- ditions, but their detectability decreases with lower spectral res- 
d able for heating the atmosphere (albedo effect), but also re- olution. Tinetti et al. (2006a b) investigated measured and calcu- 
duce radiative losses to space (greenhouse effect). Clouds also lated high-resolution spectra of Earth for different cloud condi- 
have a large effect on the (thermal) emission spectra of plan- tions to study the influence of clouds. They also found that IR 
etary atmospheres by either conceaUng the thermal emission spectra are very sensitive to the cover ages and types of c louds , 
from the surface or dampening the spectral features of so-called Using measured cloudy Earth spectra Kaltenegger e t all (l2007h 
biomarker molecules (e.g. N2O or O3). The shape of the IR emis- studied the development of IR emission spectra at different evo- 
sion spectra of cloudy atmospheres therefore yields only infor- lutionary stages of Eart h assuming the rn odern Earth cloud cover 



mation about the apparent temperature. However, the apparent at all epochs (see also iSelsis et 



ingtiie mc 
al]l2008h . 



temperature can significantly differ from the real surface tem- j 1 1 w r i,- 1. 1 m . r r- 

^ ■ • , • ^ ■ • • .c 1 1 • Model calculations of high-resolution IR spectra of Earth- 

perature, which IS often used as an important indicator for habit- 11 1 j j a- \ ^ u u j u 

bilit ( ossible existence of li uid water) like planets around dmerent stars have been performed by 

^ " Seg ura et al.l (l2003l 12005 ) for clear sky atmospheres with tuned 

Directly observed high-resolution mid-IR spectra of the surface albedos to mimic the climatic effects of clouds. Selsli 

Earth provide a unique opportunity to explore the spectral sig- (2004) summarised the detection and characterisation limita- 

natures of habitability in the presence of clouds. According to tions of terrestrial extrasolar atmospheres without discussing the 
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impact of clouds, concluding that the analysis of the thermal 
emission at low resolution provides the most comprehensive sci- 
entific characterisation of this kind of planetary atmospheres. 

In this work we study the impact of multi-layered clouds 
on low-resolution IR emission spectra of Earth-like planets 
around different stars. To do this we apply a one-dimensional 
steady state radiative-convective atmospheric climate model. 
The model accounts for two different cloud layers, namely low- 
level water droplet and high-level ice particle clouds, and also 
for the partial overlap of these two layers. A more detailed model 
description is given in Sect. |2] In order to verify the applicabil- 
ity of our modelling approach this coupled cloud-climate model 
is applied to the modem Earth atmosphere and its spectral ap- 
pearance as described in Sect. |3] Sect. |4] presents the resulting 
thermal IR spectra of cloudy atmospheres of Earth-like planets 
orbiting different types of central stars and discuss also implica- 
tions for the detectability of characteristic molecular signatures 
and the determination of the planetary surface temperatures from 
spectral shapes. 

2. Details of the model 

We apply a one-dimensional steady state radiative-convective 
climate model, which accounts directly for t he climatic and 
radiative effects of multi-layered clouds (see iKitzmann et alj 
(1201 Q) . henceforth called Paper I, for a detailed model descrip- 
tion). In particular the influence of two different cloud lay- 
ers (low-level water and high-level ice clouds) is included in 
the model, originally based u pon th e cloud-free climate model 
developed by Kastin g et all (1984') and iPavlov et all ( i20()0h . 
Analytical expressions for the particle size distributions of the 
two different clouds in Earth-like atmospheres derived from in- 
situ measurements of the respective cloud types in the Earth at- 
mosphere have been used. Other cloud properties, such as the 
optical depth and the pressures at the cloud tops, have been taken 
from satellite measurements. The altitude of each cloud layer is 
iteratively adjusted to match the corresponding measured pres- 
sures and is therefore not simply fixed (see Paper I for a detailed 
description of the cloud parametrisation). Other atmospheric 
feedback effects (e.g. due to different temperature profiles) onto 
the clouds are not explicitly taken into account. However, the 
validity range of the approach (freezing limit for water droplet 
clouds and limiting temperature for liquefying ice clouds) is con- 
sidered. Further influences on the cloud particles are not taken 
into account in the parametrised cloud description. Such differ- 
ences could arise by e.g. considering planets with a different 
landmass distribution compared to Earth. Therefore, the cloud 
parametrisations used here are limited to only Earth-like plan- 
ets. To limit the number of free parameters in the parametrised 
cloud description the minimum partial overlap of the cloud lay- 
ers is assumed if the sum of the two cloud coverages exceeds 
100%. Otherwise non-overlapping cloud layers are considered. 
The atmospheric chemical composition, which is assumed for 
all calculations, is chosen to represent the modem Earth atmo- 
sph ere and was calculat ed using a detailed photochemical model 
(see lGrenfell et al.l2007 ). Detailed cloud feedback effects on the 
chemical composition of the planetary atmospheres are not con- 
sidered. 

The radiative transfer problem is solved by applying a broad- 
band model, which has been optimised fo r the energy trans- 
port in E arth-like planetary atmospheres feegur a et al.l 1200 3t 
iMlawer et al. 1997). In the IR part 16 spectral bands with vari- 
able spectral resolutions (1 < R < 40) are used. The equa- 
tion of radiative transfer is solved using a hemispheric-mean 
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Fig. 1. High-resolution spectra of the different central stars 
shown for illustrative purposes. The stellar radiation flux is given 
at the stellar surfaces. 



two stream method including multiple scattering (iToon et al.l 
I1989JK The gas opa cities are described by c orrelated-k methods 
(see ISegura etal .( 12003; Mla wer et all 19971 and Paper I for de- 
tails), which are an ext ension of opacity distribution functions 
(.Strom & Kumczll 19661: .Mihalas 1978) . The correlated-k values 
derived from the rapid radiative transfer model (R RTM, devel- 
oped b y iMlawer et al.l (11997 !)) have been used by Seguraetal] 
(l2003h for tiie same planetary scenarios. However, note that the 
k-distributions used in the RRTM are only tabulated over a lim- 
ited pressure and temperature range. In particular the tempera- 
ture range is limited to within ±3 K of an Ea r th mid -latitude 
summer temperature profile (see IMlawer et al. 1 (IT997I) for de- 
tails). The application of the k-coefficients beyond this range 
may lead to inaccuracies, especially for situ ations strongly devi- 
ating fro m (mean) Earth conditio ns (see also lSegura et al.l(l2003L 
l2005h and lvon Paris et al.1 (l2008h V 

The frequency dependent optical depth effects of the clouds 
have bee n incorporated in to the two-stream radiative transfer 
schemes dToon et al.lll989h of the atmosphere model. To account 
for different amounts of coverages of multi-layered clouds and 
their partial overlap in our model, we use a flux-averaging proce- 
dure, whereby the radiative transfer is solved separately for ev- 
ery distinct cloud configuration. The mean radiative flux which 
enters into the atmospheric model calculation is obtained by 
averaging these fluxes weighted with the corresponding cloud 
cover values. 

In our calculations of Earth-like planetary atmospheres four 
different kinds of central stars a re considered : F2V, G2V, K2V, 
and M4.5V-type stars (see also ISegura et al.l 12003. 2005). The 
corresponding stellar spectra are shown in Fig. [1] The incident 
stellar fluxes are scaled by varying the orbital distances, such 
that the energy integrated over each incident stellar spectmm 
equals the solar constant at the top of the atmospheres of the cor- 
responding Earth-like planets. All four stellar spectra (Fig. 3 of 
Paper I) have been binned to the spectral intervals of the radiative 
transfer scheme. We performed several calculations spanning the 
whole two-dimensional parameter space of possible cloud cover 
combinations for each stellar type in order to investigate the cli- 
matic effects of clouds in Earth-like planetary atmospheres (cf. 
Paper I). The measured value of the global mean surface albedo 
of the Earth (0.13) is used in our model. In contrast, the surface 
albedo had to be adjusted to mimic t he effects of clouds in pre - 
vious clear-sky model calculations (Segura et al.ll2003l l2005l) . 
Such tuning is only possible, if the target surface temperature, 
for example the measured Earth global mean surface tempera- 
ture (288.4 K), is prescribed. However in case of a model in- 
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Fig. 2. Surface temperatures of planets orbiting four different types of central stars as a function of the coverages of low and high- 
level clouds (see Paper I for a detailed discussion of these results). The solid lines on the contour plots represent parameters for 
which a mean Earth surface temperature of 288.4 K is obtained. The dashed lines in the x-y-planes separate the regions between 
partial cloud overlap and no overlap. Black dots indicate the cloud coverages for which spectra are presented in this study at the 
relevant surface temperatures. 



eluding clouds, as presented here, the surface temperature is a 
result of the calculations. 

The contour plots shown in Fig. |2] summarise the resulting 
surface temperatures for the four central star types considered. 
A detailed description and discussion of these results is given in 
Paper I. The dots in Fig. |2] indicate the atmospheric model sce- 
narios, for which the resulting low-resolution IR emission spec- 
tra are studied in this work. Special emphasis is put on the multi- 
layered cloud configurations which result in mean Earth surface 
conditions, namely a surface temperature of 288.4 K. The low- 
resolution spectra are directly obtained from the radiative trans- 
fer calculations of the atmosphere model. Clouds, in addition to 
their effect on the IR emission spectra which are discussed in 
this article, also affect the reflected incident stellar radiation in 
the short wavelength part of the planetary spectrum. The inves- 
tigation of the influence of clouds upon the reflection spectra of 
Earth-like planets will be done in future studies. 

3. Emission spectrum of Earth influenced by high 
and low-level clouds 

For a qualitative comparison of our model calculations of (ther- 
mal) IR emission spectra of Eaith-like planets influenced by low 
and high-level clouds with measurements of Earth, we study 
here first the resulting spectra obtained for the Earth model intro- 
duced in Paper I. This model reproduces the measurered global 



mean surface temperature (288.4 K) with observed mean cloud 
coverages (39.5% low-level clouds, 15% high-lev el clouds, and 
a 7% overlap of both cloud layers). According to IWarren et al.l 
(2007^ the observed average Earth's total amount of cloud cover 
is 55% (68%) over land (ocean) yielding a global mean value of 
about 64% which is much lower than the 48% total cloud cover 
in the present model due to the omission of mid-level clouds. The 
clear sky calculation results in a surface temperature of 293 K, 
which is clearly too high (see Paper I for a detailed discussion of 
the climatic effects of clouds). 

Mid-level clouds (o bserved global mean cloud cover ca. 
20%. IWarren et all (12007,) ) had been omitted in the Earth model 
of Paper I, as most of them have been reported to be radia- 
tively neutral, i.e. their greenhouse and albedo effect balance 
each other (see Ppetzsch-Heffter et al. ( 1995) and Paper I for de- 
tails). However, the neglect of the mid-level clouds yields less 
back-scattered shortwave and more outgoing longwave radia- 
tion at the top of the atmosphere (TOA) compared to the global 
energy budget of EarthQ- A comparison with measurements of 
Trenberth et al. (2009) shows a deviation about 13 Wm"^ in the 
shortwave and longwave fluxes at the top of the atmosphere (see 
Table [U. Presenting the IR emission spectra corresponding to 
the model described in Paper I only low and high-level clouds are 
considered in the present study. They represent the extreme cases 



' The corresponding radiation flux profiles for this Earth model are 
shown in Fig. 5 of Paper I. 
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Table 1. Calculated radiation fluxes in compaiison to measured 
values. 



Flux component 


Measured Earth values 


This work 


Shortwave radiation 






TOA down 


341.3 Wm-- 


340 Wm-2 


TOAup 


101.9 Wm-- 


89 Wm-2 


Planetary albedo 


0.3 


0.26 


Longwave radiation 






TOAup 


238.5 Wm-- 


251 Wm-2 


Surface down 


333 Wm-2 


350 Wm-2 


Surface up 


396 Wm-2 


392 Wm-2 
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Fig. 3. Planetary spectra at the top of the atmosphere of the 
Earth model from near UV to IR wavelengths. The dashed line 
marks the clear sky case, the solid line indicates the results for 
a mean Earth cloud cover (39.5% low-level clouds, 15% high- 
level clouds, and 7% overlap of both cloud layers). 



of the effects of clouds on the spect rum of Earth. Obers ervations 
of e.g. Tinett i et al.1 (|2006a"b) and iHeartv et all (|2009') showed 
that the effects of mid-level clouds on the spectra of Earth are 
between these two extremes. Therefore, the important range of 
the cloud effects on the emission spectra are covered in our study 
of extrasolar planetary atmospheres. 

Fig. [3] shows the related spectra covering the spectral wave- 
lengths range from the near UV to the IR. In the visible range 
(< 4 jum) we see a reflection spectrum composed of back scat- 
tered (and partly absorbed) incident solar radiation. In the IR 
wavelength range, we see an emission spectrum caused by ther- 
mal emission from the planetary surface and the atmosphere, in- 
fluenced by atmospheric absorption and also scattering in the 
presence of clouds. The IR thermal emission spectra are de- 
picted in greater detail in Fig. |4] revealing the most important 
spectral molecular absorption features which can be observered 
in low-resolution spectra. The number of chemical species 
which can be identified by their respective absorption features 
in low-resolution spectra is limited for an Earth-like planet. In 
the wavelength region considered, CO2, H2O, and O3 can be 
found. Clearly visible in the IR emission spectrum of the Earth 
are the 9.6 fim absorption band of O3 and the 15 fj.m band of 
CO2 . Gaseous H2O has several rather broad (continuum) absorp- 
tion bands du e to rotation (> 15 urn) and vibration (5-8 yum). 
According to iKaltenegger & SelsisI (l2009t) . the spectral resolu- 
tion, which is needed to identify the bands is about 20 for the 
O3 band. Absorption of H2O and CO2 (at 15 jum) can be seen at 
a much coarser resolution. Only the narrow absorption band of 
CO2 at 4.3 yum requires a higher resolution of about 40. 

Our results agree with the statement of ISelsisI (l2004i) that 
only these three molecules would be effectively detectable on 
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Fig. 4. Thermal emission spectra of the Earth model. The dashed 
line represents the clear sky case, the solid line marks the re- 
sults for a mean Earth cloud cover (39.5% low-Ievel clouds, 
15% high-level clouds, and 7% overlap of both cloud layers). 
Chemical species which can be identified by absorption features 
are labelled (see text for details). 



an extrasolar Earth with a realistic sensitivity and resolution. 
Obviously, the dete ction of other specie s requires a much higher 
spectral resolution. iHeartv et al.l (l2009l) . for instance, addition- 
ally identified the molecules N2O and CH4 in their mid-IR AIRS 
observations of Earth. According to their findings the detection 
of stratospheric emission lines requires spectra with a resolution 
of R = 100. However, the number of observable species can be 
different in case of non-Earth-like atmospheric compositions. 

Comparing the cloud-free clear sky and the mean Earth 
cloud cover spectra shown in Fig. |4] reveals the principle im- 
pact of clouds on such emission spectra. The two main effects 
associated with the presence of clouds are the overall decrease 
of the outgoing IR flux and a dampening of spectral absorption 
features. The O3 band is strongly affected while other molecu- 
lar bands, such as CO2, show only minor changes. The decrease 
of the IR flux is partly a consequence of the lower surface tem- 
peratures as a result of the albedo effect of the low-level clouds 
on the one hand and the trapping of IR radiation in the lower 
atmosphere by the high-level clouds on the other These find- 
ings are in very good agreement w i th mea surem ents and cal- 
culations published by iTinetti et alJ (l2006allbh and IHeartv et al.l 
(2009). Their studies investigated computed and measured high- 
resolution spectra of the Earth for different cloud conditions. 
Their resulting spectra show the same effects (decrease of the IR 
flux and reduced absorption features of especially O3 in the cases 
including clouds) as we found in our calculations. This suggests 
that our simplified radiative transfer model is therefore suitable 
for studying the basic effects of clouds on low-resolution spectra 
of Earth-like planets. 

4. Emission spectra of Earth-like planetary 
atmospheres 

In order to illustrate the basic effects of the two different cloud 
types on the planetary emission spectra, calculations using only 
single cloud layers are presented in the next subsection. The cor- 
responding effects of multi-layered clouds for planets with mean 
Earth surface temperatures of 288 K are discussed subsequently. 

4. 1 . Single high-level ice and low-level water droplet clouds 

Low-resolution spectra of Earth-like planetary atmospheres for 
single high-level ice and low-level water clouds have been ob- 
tained for each stellar type. The results are shown in Fig. |5]for 
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Fig. 5. Thermal emission spectra influenced by single low-level clouds {left diagram) and high-level clouds {right diagram). The 
resulting spectra are shown for each stellar type and four different cloud covers (solid lines: 0%, dashed lines: 30%, dotted lines: 
70%, and dashed-dotted lines: 100% coverage of the respective cloud type). The planetary surface temperatures resulting from these 
cloud coverages are given in parenthesis. The corresponding temperature profiles are shown in the inset plots. 



three different single cloud coverages (30%, 70%, and 100%) 
and the respective clear sky cases. The inset plots show the re- 
spective temperature profiles. 

Even if no clouds are present in the atmospheres and the 
same atmospheric chemical composition is assumed the result- 
ing emission spectra differ for each stellar type due to the direct 
influence of the central star For the F-type star case, the overall 
outgoing planetary IR flux is the lowest, while the planet around 
the M-type star shows the highest IR emission. This is directly 
connected to the corresponding surface temperatures of the plan- 
ets, which are the lowest in the case of the F-type star and almost 
20 K higher for the M-type star planet (cf. Fig. |2]and Paper I). 

However not only the overall IR flux is different, also the 
absorption features of O3, CO2, and H2O change due to the cen- 
tral star The depths of the absorption bands of e.g. the planet 
around the F-type star are rather small compared to the M star 
case. In particular, the CO2 absorption band at 4.3 jum cannot be 



seen for the F-type star case in the low-resolution spectrum (cf. 
Fig.|5]). The different clear sky spectra are a direct consequence 
of the different atmospheric temperature profiles. The planet 
around the F-type star has a v ery large tem perature i nversion in 
the upper atmosphere (see also lSegura et al . 2003; Gr enfell et al.l 
120071) . This temperature inversion leads to enhanced emission in 
the O3 and CO2 bands, thereby effectively reducing the depths 
of their absorption features. The planets around the M-type and 
K-type stars on the other hand show no large atmospheric tem- 
perature inversion which leaves the depths o f the absorption fea- 
tures almost unaltered from emission (see ISegura et al.l (1200 3L 
2005) for a description of these temperature profile characteris- 
tics. Note however, tha t these cloud free spectra are not directly 
comparable to those of Segura et al.l(l2003ll2005l) because of dif- 
ferences in the atmospheric modelling (e.g. different treatments 
of the atmospheric chemistry and the incident stellar spectra) as 
outlined above. 
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Fig. 6. Spectral tomography of the thermal emission spectra from the surface to the top of the atmosphere of an Earth-like planet 
orbiting the F-type star Left diagram: 100% single low-level cloud cover {Jsmi - 255.4 K), right diagram: 100% coverage of single 
high-level clouds (Tsurf = 305.6 K). The position of the ozone band is marked by arrows. 



The resulting planetary thermal emission spectra for differ- 
ent stellar types are profoundly affected by the cloud layers. In 
general, the emitted overall IR radiation flux decreases and the 
molecular absorption bands (O3, CO2, and H2O) are dampened 
with increasing cloud cover. These fundamental changes in the 
spectra occur for both cloud types as shown in Fig. |5] The most 
extreme effect occurs again in the case of the F-type star planet, 
where the absorption features of O3 and CO2 cannot be distin- 
guished anywhere in the low-resolution spectra for high (single) 
cloud coverages (see Fig. |5]l. The F-star planet spectra appear 
more similar to emission spectra than absorption spectra, even 
though the amount of CO2 and O3 remains unchanged in the 
calculations. In the spectra of planets orbiting the other types of 
central stars, the features of CO2 and O3 are also strongly af- 
fected, but remain visible even at full cloud cover The major 
absorption band of CO2 around 15 fxm itself is not directly influ- 
enced very much by the cloud layers, as it is optically very thick 
throughout the whole troposphere. Since however the adjacent 
bands are strongly affected, its detectability would be more dif- 
ficult, especially for the F-type star 

Figure|5]implies that both types of clouds are associated with 
a decrease in the emerging IR flux with increasing cloud cover. 
However, the physical reasons for this effect are totally different 
for each cloud type. As already discussed in Paper I, low-level 
clouds exhibit a net albedo effect, which results in lower surface 
temperatures with increasing cloud coverage. This in turn leads 
to less emitted IR radiation at the surface and thus to a decrease 
of the outgoing IR flux at the top of the planetary atmosphere. By 
contrast high-level clouds show a net greenhouse effect resulting 
in higher surface temperatures. However, since this greenhouse 
effect also traps the IR radiation in the lower atmosphere, the 
finally emitted IR spectrum at the top of the atmosphere is also 
reduced. 

Intuitively one would expect that clouds have no direct ef- 
fect on the O3 absorption feature because the cloud layers are 
located in the troposphere, while the O3 band originates in the 
upper atmosphere. Our results however indicate that water and 
ice clouds have a strong impact on this absorption feature. For 



each type of central star it can clearly be seen (Fig. |5), that the 
spectral bands adjacent to the O3 band (especially the adjacent 
band at smaller wavelengths) are more affected by clouds than 
the O3 band itself. This finally leads to a reduced contrast of 
the O3 absorption band in low-resolution spectra, even though 
the ozone absorption feature itself is in principle still present. 
The optical properties of our cloud model (cf. Fig. 1 of Paper I) 
show that the O3 absorption band is located in a minimum of the 
extinction optical depths of both cloud types around ~ 10 fim, 
while the adjacent band at smaller wavelengths has a higher opti- 
cal depth. This results in a stronger decrease of the radiation flux 
at this wavelength band compared to the adjacent O3 band when 
passing through the cloud layers. Consequently, the widely used 
argument that clouds cannot affect spectral features originating 
from parts of the atmosphere above the cloud layer(s) is not valid 
for their detectability at low resolution. 

Fig. |6] illustrates the spectral tomography of the thermal 
emission spectra from the planetary surface to the top of the 
atmosphere of an Earth-like planet around the F-type star The 
figure compares the two single cloud cases with maximum cov- 
erage. 

The disappearance of the O3 feature (at 9.6 yum) through- 
out the atmosphere can be seen in Fig. |6]for both cases. Inside 
the atmosphere the feature is still visible at pressures of about 
0.1 bar. However, the absorption band is subsequently filled (i.e. 
becoming weaker) by emission due to the atmospheric temper- 
ature inversioifl This leads ultimately, in combination with the 
previously discussed optical depth effect (clouds affect the adja- 
cent band at smaller wavelengths more than the O3 band itself) 
to the disappearance of the feature at the top of the atmosphere 
of the F-star planet in both low-resolution spectra. 

As can be clearly noticed, the low-level cloud (at ~ 0.8 bar) 
has almost no direct effect on the outgoing IR radiation (left di- 
agram of Fig. |6]l. The low-level clouds absorb a part of the out- 
going IR flux, but they also emit thermal IR radiation depend- 
ing on their own distinct temperature at the same time. Since 

- This mechanism is limited by the renewed temperature decrease in 
the upper part of the planetary atmosphere (see Fig. |6). 




Fig. 7. Planetary thermal emission spectra influenced by multi-layered clouds with three different cloud cover combinations yielding 
surface temperatures of 288.4 K in all cases. The inset plots show the corresponding temperature profiles. The cloud coverages used 
are given in parenthesis (low-level cloud cover, high-level cloud cover). 



these clouds are located near the surface, their emission tem- 
perature is comparable to the surface temperature of the planet. 
Therefore, no large eff'ect on the outgoing IR radiation is ap- 
parent. However, due to the high optical depth of the low-level 
cloud layer, the planetary surface is effectively concealed, in- 
cluding possible characteristic surface emission features. Since 
the thermal emission of the planetary surface is described by 
black-body radiation of the corresponding surface temperature 
in our model, these kind s of effects cannot be investigated in this 
study (see e.g. lTinetti et al. 2006 b, for discussion of these effects 
for Earth). Even though low-level clouds exhibit no large direct 
impact on the IR emission spectra, they have a huge influence on 
the surface temperature (albedo effect) and therefore affect the 
emitted IR spectra indirectly. The high-level ice clouds on the 
other hand have a very large direct effect on the thermal emis- 
sion spectrum (right diagram of Fig. |6). Just like the low-level 
clouds they affect the outgoing IR radiation by absorption, scat- 
tering, and emission. The emission temperatures of these high- 
level clouds are in general much lower than the surface temper- 
ature which leads to the trapping of IR radiation in the lower 
atmosphere (the greenhouse effect already discussed) and thus 
to a decrease in the outgoing IR radiation. The huge drop of the 
radiation flux at the location of the ice cloud layer (at ~ 0.3 bar) 
in the atmosphere can clearly be seen in Fig. |6](right diagram). 
However, despite the very different physical processes the emis- 
sion spectra for the two cloud types are quite similar in shape at 
the top of the atmosphere (Fig.|6]l. 

4.2. Effects of multi-layered clouds 

In this subsection we extend our study to the combined effects 
of multi-layered clouds. In particular we focus on the subset 
of atmospheric models with multi-layered clouds from Paper I, 
which are related to mean Earth surface conditions (i.e. surface 
temperatures of 288.4 K). As already discussed, various combi- 
nations of cloud covers of high and low-level clouds can result 



in mean Earth surface temperatures. The possible range of com- 
binations however depends on the spectral properties of the host 
star Fig. |2] summarises our results with respect to the surface 
temperatures due to different cloud coverages obtained in Paper 
I. The atmospheric models with Tsmf =288.4 K are marked by 
the solid iso-lines. Even though the surface temperatures are the 
same in all of these cases the different amount of cloud cover- 
ages of the two cloud types and resulting differences in the at- 
mospheric temperatures profiles lead in turn to changes in the 
emission spectra. 

4.2.1. Characteristic molecular features 

For each planet-star scenario, three different cloud cover combi- 
nations have been chosen. The corresponding thermal IR spec- 
tra are shown in Fig. Q The inset plots of Fig. Qshow the at- 
mospheric temperature profiles. The t emperature p rofiles cor- 
respond qualitatively to ISegura et al.l (l2003l l2005l) . There are 
however some quantitative differences because of different treat- 
ments of the atmospheric chemistry, clouds, radiative transfer, 
and the distances of the planets to their host stars (see Paper I for 
a detailed discussion). 

Fig. |7] suggests that the differences between the temperature 
profiles for a planet/star configuration are rather small despite 
the large variations of the cloud coverages. The maximum de- 
viations are about 5 K in each case. The small changes in the 
gas opacities correlated with these temperature variations can 
not explain the huge changes in the related emission spectra. 
Therefore, the variations in the emission spectra of Fig. Qare 
likely caused by the effects of clouds. 

Depending on the prescribed multi-layered cloud coverage, 
the resulting spectra show large differences even though in each 
calculation the same mean Earth surface temperature is obtained 
(Fig l3- Despite the fact, that the atmospheric profile of e.g. O3 
is the same for all models, the possibility to detect its spectral 
feature in a low-resolution spectrum is severely affected by ab- 
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sorption and scattering of the outgoing IR radiation by cloud 
particles. The O3 feature is not apparent in the spectrum for 
higher cloud coverages in the case of the F-type star (see Sect. 
14. Il l, while for the other kinds of central stars this feature is still 
present, though strongly dampened. Absorption bands of other 
important chemical species, such as H2O or CO2 are also af- 
fected, either directly or indirectly. As already discussed in Sect. 
14. II the direct influence of the cloud layers on the 15 fim ab- 
sorption band of CO2 is not very effective. However, since the 
adjoining bands are strongly affected by clouds it would be diffi- 
cult to observe this feature in low-resolution spectra, especially 
again in case of the F-type star 

The emission spectra of all four central star scenarios are 
compared in Fig. [8] for two different cloud covers. In the first 
case, a low-level cloud of 60% is assumed for each type of 
planet and the corresponding high-level cloud cover is adjusted 
to achieve mean Earth surface conditions. For the second case, 
a uniform high-level cloud coverage of 20% is assumed and the 
corresponding amount of low-level clouds is adjusted. In the first 
scenario, the spectra are obviously affected due to the required 
high-level cloud cover The more high-level clouds are present 
the less IR flux is emitted at the top of the atmosphere and the 
more the spectral features are dampened. For the second case, 
the shape of the emission spectra look almost equal despite the 
very different amount of low-level clouds. Noticeable changes 
can be found in the 9.6 fim O3 and the 15 fim CO2 bands. These 
differences however are not the results of the different cloud cov- 
ers, but of the different temperature profiles as already discussed 
in Sect. El] 

From the direct comparison of the two scenarios shown 
in Fig. [8] it is obvious that the high-level ice clouds have the 
strongest impact on the thermal emission spectra for planets with 
the same surface temperature. This can be understood by the fact 
that the low-level clouds emit thermal radiation at almost the 
same temperature as the surface (previously discussed in Sect. 
14. 11 1. This limits their influence on the spectra in these particular 
cases because the surface temperature is the same for all con- 
sidered scenarios. The high-level clouds on the other hand are 
located higher up in the atmosphere and emit at temperatures 
generally much colder than the surface. Their influence on the 
spectra therefore directly depends on their respective coverage 
(see also Sect. 14. II). 

4.2.2. IR continuum radiation and related planetary 
temperatures 

Thermal emission spectra can in principle be used to obtain in- 
formation about atmospheric or surface temperatures of plan- 
ets. Usually black-body radiation curves are fitted to the spectral 
shape of observed thermal emission spectra. Clouds conceal the 
surface below them as a function of their optical depth, but also 
act as emitters of thermal radiation. Since clouds emit at their 
own radiative equilibrium temperature, the temperatures derived 
by fitting of black-body curves are in general not directly con- 
nected to the planetary surface temperature if high-level clouds 
are present in the atmosphere. 

Fig. |9] shows two spectra, namely for a small and a large 
cloud cover, for each of the central star scenarios. In addition 
the results of the Earth model (Sect. |3]l are shown. In all cases 
the surface temperature equals 288.4 K. The temperatures de- 
rived from the fitting of black-body radiation curves, however, 
can be very different. For cases with a small (or even no) cov- 
erage of high-level clouds, the black-body radiation curve with 
288 K fits quite well. Even a large amount of low-level clouds, as 
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Fig. 8. Multi-layered cloud cover scenarios for 288.4 K surface 
temperature (low-level cloud cover / high-level cloud cover). 
Upper diagram: fixed low-level cloud cover of 60% and ad- 
justed high-level cloud coverage (see Fig. |2]l, lower diagram: 
fixed high-level cloud cover of 20% and adjusted low-level cloud 
cover (see Fig.|2]i. 

in the case of the M-type star (56% low-level cloud cover), has 
no large effect upon the emission spectrum. The reason for this 
behaviour is of course the already discussed effect of the low- 
level clouds which emit black-body radiation IR spectra com- 
parable to the surface temperature. With increasing amount of 
high-level clouds, the temperatures which can be inferred by ex- 
amining the spectra generally decrease, since these clouds are at 
the upper boundary of the troposphere and emit at temperatures 
lower than the surface temperature. 

For all considered scenarios in Fig. |9] where a large amount 
of high-level clouds is present the temperatures obtained from 
the spectra would suggest inhabitability if these temperatures 
would be interpreted as the respective surface temperatures. 
Since the types and corresponding amount of clouds and there- 
fore their influence on the spectra is not known a priori 
the information about the surface temperatures derived from 
low-resolution emission spectra can be misleading, especially 
for large amounts of high-level clouds. However, the derived 
black-body temperatures would equal the temperature at the 
tropopause for 100% high-level clo ud cover, which agrees with 
the findings of iTinetti et al.l (l2006ah for Earth. Clouds are there- 
fore clearly limiting the ability of obtaining temperature in- 
formation about the planetary surface from an observed low- 
resolution spectrum. 

5. Summary 

Our previously developed parametrised cloud description (Paper 
I) coupled with a one-dimensional radiative-convective climate 
model was used here to study the impact of multi-layered clouds 
on the thermal emission spectra of Earth-like extrasolar planets. 

We showed that both cloud types, single low-level water and 
single high-level ice clouds, ultimately lead to similar changes 



D. Kitzmann et al.: Clouds in the atmospheres of extrasolar planets. II. 



9 





3.0x10' - 








2.5x10 


E 




o 




to 


2.0x10" - 


gi 




3. 


1.5x10" - 












1.0x10 


o 




Q. 






5 0x10' 




0.0 X 




3.0x10" - 


'e 








E 




o 




in 


2,0x10" - 


? 




3- 


1,5x10" - 


1} 






1,0x10 


o 




<D 
Q. 


, X 


tn 




0,0 E 




3,0x10" - 








2.5x10" - 




cm 






2.0x10" - 










X 


1.5x10" - 






TO 


1 io" 


a. 




tn 


5 0x10' 




0.0 a 




3.0x10" - 












2.5x10" - 


cm 




to 


2.0x10" - 






-S- 

X 


1.5x10" - 










TO 


1.0x10" - 


CI. 




to 


5.0x10' - 




0.0 9 



F-type star 

0% , 6% (288.4 K) 

100% , 67% (288.4 K) 

black-body radiation (288 K) 

black-body radiation (254 K) 




G-type star 

1 9%, 0% (288.4 K) 

100% , 54% (288.4 K) 

39.5%, 15% (288.4 K) * 

black-body radiation (288 K) 
black-body radiation (260 K) 
black-body radiation (280 K) 




K-type star 

35% , 0% (288.4 K) 

100%, 45% (288.4 K) 

black-body radiation (288 K) 
black-body radiation (265 K) 




-+- 



-+- 



M-type star 

56% , 0% (288.4 K) 

100% , 29% (288.4 K) 

black-body radiation (288 K) 

black-body radiation (273 K) 




wavelength (|.im) 
* Earth mean cloud cover (including 7% partial overlap) 

Fig. 9. Derivation of planetary temperatures from the shapes of 
IR emission spectra. The black-body radiation curves have been 
obtained from a best fit by eye on selected spectra of Fig. |7] with 
the exception of the 288.4 K curves shown for comparison. The 
cloud coverages used are indicated: low-level cover, high-level 
cloud cover. The corresponding temperatures (surface tempera- 
tures and derived temperatures of the black-body radiation) are 
given in parenthesis. 



in the thermal emission spectra. As the cloud cover of either 
type increases, the overall IR emissions decreases and spectral 
absorption features are dampened. However, the physical effects 
caused by the the different types of clouds are not the same. In 
the case of low-level water clouds the decrease of the surface 
temperatures (albedo effect, cf. Paper I) is responsible for the 
decrease of the IR emission, while in the case of the high-level 
ice clouds the trapping of IR radiation in the lower atmosphere 
(greenhouse effect) leads to the decrease in the outgoing IR flux. 

The effects of multi-layered clouds have been studied on 
model scenarios where the cloud coverage leads to mean Earth 
surface temperatures for each central star In these cases the low- 



level clouds have no large effect on the thermal emission spectra, 
because these clouds emit IR radiation at temperatures compara- 
ble to the planetary surface. Since however in all of the models 
considered the surface temperature was the same this effect was 
therefore weak. The high-level clouds on the other hand emit 
IR radiation at considerably lower temperatures which leads to a 
decrease in the outgoing IR radiation and dampening of spectral 
absorption features. This dampening is not limited to absorption 
features originating from below the cloud layers, but can also be 
found for the 9.6 jjm O3 band which forms mostly in the up- 
per atmosphere. The strongest effects on the emission spectrum 
is found for the planet orbiting the F-type star where no char- 
acteristic molecular absorption features can be distinguished in 
the low-resolution spectrum for high cloud coverages. We note, 
however, that in most other cases, in particular for planets around 
M dwarfs, the interesting absorption bands remain present even 
at high cloud coverages. 

Clouds also affect the ability to obtain surface tempera- 
tures from low-resolution spectra by fitting black-body radiation 
curves to the spectral shape of the emission spectra. With in- 
creasing amount of high-level clouds, the derived temperatures 
are much lower than the real surface temperature. Thus, clouds 
affect the ability to obtain information about the planetary sur- 
face temperature from low-resolution spectra. Planets with ob- 
served surface temperatures somewhat below mean Earth con- 
ditions should, therefore, not be discarded too quickly from the 
list of potentially habitable planets. To sum up, clouds can have a 
significant impact on the measurement of apparent temperatures 
of planets and the detectability of the characteristic spectral sig- 
natures in the infrared used as tracers of habitability and life. 
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